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The experimentally measured charge-depdendent correlations in heavy ion collisions have
been suggested as a signature of the chiral magenetic effect (CME). Early model studies
could not reproduce the measurement. For example, the Hijing model yielded far smaller
magnitude for the charge-dependent correlation than observed in data. This led to the
conclusion that the CME had to be invoked to explain the observed correlations in heavy
ion collisions. In this paper we show that this conclusion of the CME interpretation is
premature. We show that the reason that Hijing predicts a far smaller correlation than data
is because the elliptic anisotrpy (v2) parameter in Hijing is too small. When properly scaled,
the Hijing model can reproduce in entirety the measured correlations. We also employ the
AMPT model, which has a large enough v2, to demonstrate that the measured data can be
easily accommodated by models without invoking the CME.
I. INTRODUCTION
In recent years the chiral magnetic effect (CME) in relativistic heavy ion collisions has at-
tracted intense interests [1–4]. The CME refers to an electric current along a strong magnetic field,
produced in the early times of relativistic heavy ion collisions, perpendicular on average to the
reaction plane (RP) of those collisions – the plane spanned by the impact parameter direction and
the beam [5–10]. The electric current is a result of the motion of quarks in a metastable domain
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2of imbalanced chirality, which can form from vacuum fluctuations in quantum chromodynamics
(QCD) [11–13]. Such an electric current of quarks results in a charge separation in the final state
across the reaction plane.
Reaction-plane and charge-dependent correlations have been observed in relativistic heavy ion
collisions, first by the STAR experiment at BNL’s Relativistic Heavy Ion Collider (RHIC) [14–17]
and later by experiments at the Large Hadron Collider (LHC) [18–21]. Some, but not all, of the
observed features are consistent with charge separation from the CME. Background correlations
due to mundane physics were studied and it was initially concluded that no model studied could
reproduce the measurements [14, 15]. For example, the Hijing (Heavy ion jet interaction genera-
tor [22, 23]) model that was studied (where the real RP was used) yielded far smaller magnitude for
the opposite-sign charge correlation than observed in data [14, 15]. This led to the conclusion that
the CME had to be invoked to explain the observed correlations in heavy ion collisions [14, 15].
In this paper we show that this conclusion of the CME interpretation was premature. We
show that the reason that Hijing predicts a far smaller correlation than data is because the elliptic
anisotrpy (v2) [24] parameter in Hijing is too small. When properly scaled, the Hijing model
can reproduce in entirety the measured correlations. We will also employ the AMPT (A multi-
phase transport [25, 26]) model, which has a large enough v2, to demonstrate that the measured
data can be easily accommodated by models without invoking the CME. Our studies reinforce the
conclusion from other previous studies, contrary to that claimed in Refs [1, 14, 15], that background
correlations may account for all of the observed correlations [16, 27–30].
II. THE HIJING AND AMPT MODELS
In this study, we use two typical, commonly used models, namely the Hijing (v1.411) and AMPT
(v2.26t5d6) to calculate charge correlations. Hijing is a QCD inspired model simulating heavy ion
collisions by binary nucleon-nucleon (NN) collisions using the Glauber geometry, incorporating
nuclear shadowing effects and energy loss of partons traversing the medium created in those col-
lisions (jet quenching). It uses PYTHIA [31, 32] for generating kinematic variables of scattered
partons for each hard or semihard interaction and Lund string fragmentation (JETSET) [33] for
hadronization. Jet quenching is included in our Hijing simulation.
We employ the string melting version of AMPT [25, 26] in our study. The model consists
of four components: the initial condition of collisions, partonic elastic scatterings, hadronization
and hadronic scatterings. The initial condition in AMPT is provided by the Hijing model. The
3hadrons generated by Hijing are converted into valence quarks and antiquarks. The subsequent
parton-parton elastic scatterings are described by ZPC [34]. The Debye-screened differential cross-
section dσ/dt ∝ α2s/(t − µ2D)2 [26] is used for parton scattering. The strong coupling constant
αs = 0.33 and Debye screening mass µD = 2.265/fm are employed, so that the total parton-parton
scattering cross section is σ = 3 mb. After partons stop interacting, a simple quark coalescence
model is applied to convert partons into hadrons [26, 35]. Subsequent interactions of those formed
hadrons are modeled by ART [36]. Hadronic interactions include meson-meson, meson-baryon,
and baryon-baryon elastic and inelastic scatterings. More details can be found in Ref. [26].
III. THE ∆γ CORRELATOR
The common observable to study the charge-dependent and reaction-plane-dependent azimuthal
correlations is the ∆γ variable [37]. It is the difference of the opposite-sign (OS) and same-sign
(SS) correlators,
∆γ = γOS − γSS , (1)
such that one of the main physics backgrounds, the momentum conservation, is cancelled [14, 15].
The correlators are defined by
γαβ = 〈cos(φα + φβ − 2ψ)〉 , (2)
where φα and φβ are the azimuthal angles of two particles, either OS or SS, and ψ is the azimuthal
angle of the reaction plane. The reaction plane is not measured, and is approximated by the event
plane reconstructed from particle momenta in the final state. The inaccuracy is corrected by the
event plane resolution. The event plane can also be taken as the direction of a single particle,
called particle c. The resolution is simply given by the elliptic flow parameter of particle c, v2,c.
This is called the three-particle method [14, 15, 37]:
γαβ = 〈cos(φα + φβ − 2φc)〉/v2,c , (3)
Physics backgrounds arise when particles α and β are intrinsically correlated, not due to a global
flow correlation to a common plane [27, 30, 37]. The intrinsic correlation is sometimes dubbed
as nonflow correlation. One example is nonflow correlations due to resonance decays, primarily
affecting OS correlations. In such a case, the background can be expressed as
∆γreso. = 〈cos(φα + φβ − 2φreso.)〉 · v2,reso.
=
Nreso.
NαNβ
〈cos(φα + φβ − 2φreso.)〉 · v2,reso. , (4)
4where v2,reso. = 〈cos 2(φreso.−ψ)〉 is the resonance elliptic flow parameter. In the above equation, φα
and φβ are the azimuthal angles of the two decay daughters, so the quantity 〈cos(φα+φβ−2φreso.)〉
is determined by decay kinematics, insensitive to collision centralities or types. Other nonflow
background correlations include (mini)jets [38], or more generally, cluster correlations [27].
IV. RESULTS AND DISCUSSIONS
Figure 1 shows the γOS and γSS correlators in Hijing compared to experimental data [14, 15, 39].
The model data are binned in multiplicity similarly to experimental data to correspond to the
cross-section fractions. The charged hadron multiplicity within pseudorapidity −0.5 < η < 0.5 is
used. The multiplicity cut values are not the same between the models and the data, because the
models do not exactly reproduce the data multiplicity and because of the detection inefficiencies
in data that are not included in the models. The model and data results are plotted against the
midrapidity charged hadron pseudorapidity density, dNch/dη. The decreasing γ amplitudes with
increasing dNch/dη is mainly due to the trivial multiplicity dilution effect. The γOS values from
Hijing have the same sign as the experimental data. The γSS values are more different from the
experimental data; γSS from Hijing are mostly positive, while the experimental data are mostly
negative. The discrepancy between Hijing results and experimental data are mostly from the charge
independent background, such as the momentum conservation effect [29, 40, 41].
To eliminate the charge-independent background sources, Fig. 2 shows the ∆γ correlator in
Hijing. Further to remove the trivial multiplicity dilution effect and to better show the heavy ion
data, the ∆γ is multiplied by dNch/dη in Fig. 3. The Hijing results are compared to experimental
data [14, 15, 39]. The Hijing results agree well with the data in small system p+Au and d+Au
collisions. On the other hand, the Hijing results in Au+Au collisions are much smaller than the
data. This has been interpreted as a supporting evidence for the possible CME in experimental
data [14, 15].
The ∆γ signal in Hijing is due to background correlations. According to Eq. (4), the background
correlations are proportional to v2. In Fig. 4 we show the v2 parameters from Hijing and compare
them to those from experimental data [14, 15, 39]. Indeed, the v2 values are similar between Hijing
and data in small-system collisions, so the ∆γ values are also similar. In heavy ion collisions,
however, the v2 values in Hijing are much smaller than data. Similarly, as shown in Fig. 3, the ∆γ
values in Hijing are much smaller than data too.
According to Eq. (4), the source of the background is the correlation term, 〈cos(φα + φβ −
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FIG. 1: Hijing predictions of the opposite-sign (OS, open symbols) and same-sign (SS, filled symbols) γ
correlators, with comparisons to data [14, 15, 39]. The model predictions are connected by lines. The data
symbols are as same as the corresponding model symbols, but not connected by lines. The p+Au results
are shown in circles, d+Au in squares, and Au+Au in stars. The results are plotted as functions of the
mid-rapidity charged hadron multiplicity density, dNch/dη.
2φreso.)〉. This term reflects the intrinsic correlation between particles, such as the daughter parti-
cles from a resonance decay. In the background picture, therefore, the more direct quantity is the
scaled correlator
∆γscaled = dNch/dη ·∆γ/v2 ∝ dNreso./dη
dNch/dη
〈cos(φα + φβ − 2φreso.)〉. (5)
Figure 5 shows the scaled ∆γscaled correlator from Hijing, compared to data. Now there is not
much difference between Hijing and data, unlike those shown in Fig. 2 and Fig. 5. Furthermore,
there is not much difference overall in this quantity between small systems and big systems. This
makes sense because the intrinsic particle correlations reflect the underlying physics mechanisms for
the correlations, such as the decay kinematics, and should not be very different between different
systems.
Also shown in Fig. 3 are the corresponding results from AMPT. In heavy-ion collisions the
scaled ∆γscaled correlator in AMPT is also similar to data. The v2 in AMPT, in contrast to Hijing,
is known to reproduce data well [35].
Quantitatively, however, the models do not reproduce the data. The Hijing ∆γscaled overpredicts
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FIG. 2: Hijing predictions of the ∆γ correlator (filled symbols), with comparisons to data (open symbols) [14,
15, 39]. The model predictions are connected by lines. The p+Au results are shown in circles, d+Au in
squares, and Au+Au in stars. The results are plotted as functions of the mid-rapidity charged hadron
multiplicity density, dNch/dη.
Au+Au data, whereas the AMPT underpredicts the Au+Au data by a similar amount. The
Hijing seems to well reproduce the small system data, but AMPT predicts a significantly weaker
magnitude. These discrepancies could arise from a number of reasons. (1) Hadronic rescatterings
can destroy resonances, and this could be a reason why the Au+Au data are lower than Hijing
which does not include hadronic rescatterings. AMPT could have too many rescatterings resulting
in weaker correlations. It is also possible that the reason is due to the lack of minijet correlations
or that too few resonances are included in AMPT. On the other hand, hadronic rescattering would
yield a decreasing correlation with increasing centrality, which is at odd with the Au+Au results in
Fig. 5, but there could be other effects compensating a decreasing trend. (2)The fact that Hijing
reproduces the small system data well may indicate that the minijet correlations are modeled well
by Hijing. The Hijing results keep increasing with dNch/dη in small systems, and this could be due
to increasing jet correlations biased by the requirement of the high multiplicities [42]. The increase
in the data is not as significant, perhaps due to the rescattering effect aforementioned. (3) The
AMPT results in small systems are a factor of several lower than the data. This is likely due to
the fact that minijet correlations are destroyed in the AMPT initialization using Hijing output. It
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FIG. 3: Hijing predictions of the multiplicity scaled correlator (filled symbols), with comparisons to data
(open symbols) [14, 15, 39]. The model predictions are connected by lines. The p+Au results are shown
in circles, d+Au in squares, and Au+Au in stars. The results are plotted as functions of the mid-rapidity
charged hadron multiplicity density, dNch/dη.
is unclear why the overall correlation strengths differ by a factor of 2 or so between small systems
and heavy ion collisions in AMPT, unlike Hijing. Further investigation is needed.
Note that the backgrounds arise from correlations of the background sources with the recon-
structed event plane or the third particle c, and thus are propagated into the three-particle corre-
lator. The physics nature of the correlations with the event plane or the particle c is unimportant
for the background explanation of the ∆γ correlator. For example, the correlation to the event
plane or c in Hijing is likely due to jets (e.g. a resonance and the particle c are parts of a dijet)
or multiparticle clusters (e.g. from string decays); the correlation to event plane or c in AMPT is
likely due to collective elliptic flow, at least for heavy ion collisions, such that almost all particles
of the event are correlated.
V. SUMMARY
The background contamination in the CME-sensitive ∆γ observable arises from intrinsic particle
correlations (nonflow). Those nonflow correlations include resonance decays, clusters of multipar-
ticle correlations, and (mini)jets. We employed the Hijing and AMPT models to study the effect
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FIG. 4: Hijing predictions of the v2 parameter (filled symbols), with comparisons to data (open sym-
bols) [39]. The model predictions are connected by lines. The p+Au results are shown in circles, d+Au
in squares, and Au+Au in stars. The results are plotted as functions of the mid-rapidity charged hadron
multiplicity density, dNch/dη.
of those backgrounds. Hijing seems to contain similar strength of those backgrounds as in data.
Because of the weaker correlation to event plane or c, the final ∆γ observable in Hijing is much
smaller than the heavy ion data. If the collective flow was present in Hijing, then the data would
be well reproduced as indicated by the comparisons of the scaled ∆γscaled correlator. AMPT,
on the other hand, does not seem to contain enough correlations as in data as indicated by the
small system results. This could be due to the fact that minijets are not included in AMPT, not
all high mass resonances are included, and/or resonance decay daughters rescatter and lose their
correlations from decay. As a result, although AMPT has enough v2, the ∆γ values in AMPT are
underpredicted.
The models do not necessarily reproduce data exactly. However, one cannot conclude that there
must be CME in the heavy ion data just because the data ∆γ is larger than that in models. In the
case of AMPT, this would not explain the small system results where any CME would be small,
yet AMPT is off from data by a large amount. The reason Hijing does not reproduce data in terms
of ∆γ is because Hijing does not have enough v2. There have been claims that the CME had to
be invoked because no model studied, including Hijing, could reproduce data. This conclusion was
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FIG. 5: Hijing and AMPT predictions of the scaled correlator, dNch/dη · ∆γ/v2 (filled symbols), with
comparisons to data (open symbols) [39]. The Hijing predictions are connected by solid lines and the
AMPT results are connected by dashed lines. The p+Au results are shown in circles, d+Au in squares,
and Au+Au in stars. The results are plotted as functions of the mid-rapidity charged hadron multiplicity
density, dNch/dη
premature as we have demonstrated in this work.
The physics backgrounds are dominant in the CME-sensitive ∆γ observable. When backgrounds
dominate, one should be careful not to overly rely on models. Models in this case are useful only
to guide one’s thinking, but cannot be used for quantitative predictions of the backgrounds. This
is because a small deviation of the model from reality could give a large error on the extracted
signal from data treating the model as background, potentially leading to a wrong conclusion.
Backgrounds have to be rigorously subtracted by data-driven methods before any conclusion about
the CME can be made [20, 21, 43, 44].
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